Tidally induced residual currents generated over shelf-slope topography are investigated analytically and numerically using the Massachusetts Insti- 
Introduction
the Hebrides Island slope.
26
The most recent field experiments with Lagrangian drifters in the area 27 (Charria et al., 2013; Porter et al., 2016) have shown that the structure 28 of the slope current has seasonal periodicity. In the Bay of Biscay over the • N latitude showed the slope current to be 34 strongly directed poleward during the whole year.
35
It is commonly believed that tides do not contribute greatly to the net wa- 
39
This result is based on the theory by Huthnance (1986) who concluded that 40 tidally driven slope currents account for only a small fraction of the slope 41 currents usually observed. With respect to the Malin Sea shelf-slope area the eration of an along slope current with velocities of up to 5 cm s −1 .
48
In this paper we show that the role of tides in the formation of the slope 49 currents in the Malin Sea shelf/slope area has been underestimated. Results
50
ments of White and Bowyer (1997) were conducted at two locations to the in Figure 2 ).
106
In addition to moorings, a number of drifters were released in the area 107 during the JC88 experiment. Analysis of the drifters' tracks has also con- culations of an absolute velocity relative to the Earth using the method described in Joyce (1989) (≤200 m depth) to depths ≥1000 m after crossing the canyon.
133
Within the transect, the poleward current is intensified near the bed in 
145
Note that the velocity field obtained using the VMADCP data,
146
Figure 3 b, can be aliased by tidally generated internal waves. This 147 effect is a matter of great concern in areas of strong bottom cur- Table. 163
The vertical turbulent closure for the coefficients of vertical viscosity ν 164 and diffusivity κ was provided by the Richardson number dependent parametri-165 sation, PP81, (Pacanowski and Philander, 1981) :
Here Ri is the Richardson number, son number is small which should take into account the mixing processes in-
173
duced by the shear instabilities and breaking internal waves. We set no-slip 174 boundary condition for the velocities at the bottom without activation of any 175 bottom drag parametrisation.
176
The model was run for five days in order to spin-up all tidally induced 177 processes. Barotropic and baroclinic responses were investigated separately.
178
The fluid stratification for the baroclinic mode was taken from CTD profiles 179 acquired during the JC88 observations. The buoyancy frequency profile for 180 these experiments was averaged over all CTD stations conducted in the area.
181
It is shown in the inset in Figure 1 .
182
The primary target of these numerical experiments was the identifica- balance equations in hydrostatic approximation with linear dissipation read:
It is assumed here that there is no pressure gradient applied along the slope,
205
and that all variables are a function of the cross-slope coordinate x and time 206 t only. In these equations u(x, t) and v(x, t) are depth-averaged horizontal 207 velocities, ζ(x, t) is the surface elevation, H(x) is the water depth, f is the
208
Coriolis parameter, g is the acceleration due to gravity, and k(x) is a friction 209 coefficient.
210
We assume that developing dynamical processes are a superposition of 211 tidal motions (superscript t) and a stationary slope current (superscript c):
Tidal currents u t and v t are periodic functions
where a, φ a and b, φ b are amplitudes and phases of u t and v t velocities,
214
respectively, and ω is the tidal frequency.
215
After substitution of (3) into (2) and averaging over one tidal cycle the 216 governing system is reduced to the following:
Here means temporal averaging. In the derivation of (5) 
Note also that in long tidal waves the amplitudes of water discharge A and B
226
are less sensitive to the water depth, so one can assume here their invariance 227 for the whole slope-shelf area (non-divergent tidal wave, ∇· (H u t ) = 0, where
After averaging the left hand side of the second equation, (5) reads
According to Loder (1980) , the linear friction coefficient k does not depend 231 on time but it is spatially variable, i.e. 
Here φ = φ a − φ b is the phase lag between u t and v t tidal velocities.
235

Numerical investigation of tidally induced slope currents
236
In this section we check the applicability of the analytical solution (7) 237 to real oceanographic conditions. As a test bed for the analysis we took a 238 topography profile averaged over the whole model domain shown in Figure   239 1 and approximated it by a sine function as follows 
269
This consistency suggests that the set of adjustable parameters taken in (1) 270 is good enough to reproduce the background mixing correctly.
271
Having the BC run as a reference point for further calculations, we can 272 now investigate the slope current generated for a wide range of input param- 
Effect of topography
276
We start the comparative analysis by considering the sensitivity of the 277 generated slope current to the width of the topography. The velocity fields 278 calculated for L=24, 42, and 60 km of profile (8) are presented in Figure   279 7. Comparing panels a-c it is clear that the slope current weakens with an 280 increase of the topography width L. This result is in agreement with formula 281 (7) which predicts the slope current dependence on the bottom topography
∂H (x) ∂x .
283
Another conclusion from Figure 7 a-c is that the model predicted slope variability of the current is also apparent.
287
It is worth mentioning here that analytical solution (7) was developed 288 using vertically averaged equations (2), but the MITgcm numerical solution 289 is based on the full set of primitive equations. To make the comparative anal-290 ysis more accurate, it is sensible to compare the depth integrated numerical 291 velocities as well, i.e.
The blue lines in Figures 7 d-f show normalised profiles of the bottom term
that appears in (7), and the vertically averaged, model predicted,
294
normalised velocityv(x) is shown in red. It is seen that three pairs of curves 295 coincide nearly perfectly on the shelf including the positions of their maxima.
296
In the deep part of the basin the discrepancy between two solutions is obvious,
297
and this difference increases with the increase of L.
298
In the theory presented in Section 4 there is an uncertainty in setting the side of formula (7). The numerical velocity is taken at the point where
∂H (x) ∂x | has its maximum. As it was shown above, the positions of the 332 maximums of the model velocity and the bottom term
Figure 7 d-f. After that C d is calculated using formula (7).
334
As it is seen from the bottom panels of Figure 7 , the suggested method There are a few more points we have to pay attention to in our analysis.
340
First of all, formula (7) was developed for a homogeneous fluid, but slope cur- We continue the validation of formula (7) with the analysis of the sen-367 sitivity of the analytical and numerical solutions to the tidal discharge. In Finally, we found that the best fit between analytical and numerical so- 
399
To present the tidal stream in terms of tidal ellipses let us operate with 400 the tidal current as a complex function:
where i = √ −1. After substitution of (4) into (10) 
Here
When two circular radial vectors are aligned in the same direction, the tidal 
The vector length |w max | in terms of the tidal stream parameters a, b, and
Finally, the angle γ with respect to 0x axis (see Figure 5 ) is:
Here the phase lag φ = φ a − φ b .
414
Formula (16) presents the relationship between the phase lag φ and the 415 tidal ellipse inclination γ. An obvious conclusion from this analysis is that if 416 the phase lag φ exceeds π/2, i.e. cos φ is negative, then the inclination angle 417 γ exceeds π/2. In this case formula (7) predicts the slope current as being 418 directed northward. Alternatively, the slope current should flow southward 419 when γ < π/2 (when cos φ > 0).
420
The principal outcome from this analysis is the relationship (16) ric function, i.e. cos(α) = cos(−α) for any angle α, formula (7) predicts that 444 the residual current should be independent of the velocity vector rotation.
445
The confirmation of this conclusion is shown in Figure 11 c which rep-446 resents the model predicted slope current calculated for φ = 114
• . As the 447 analytical formulae (7) predicts, the MITgcm produces nearly identical re- for the BCR. The drag coefficients in both cases are nearly the same.
453
The next test of the analytical solution also concerns the analysis of its 454 sensitivity to the combination of the tidal discharges A and B in Ox and Oy 455 directions, respectively. Formula (7) predicts that the slope current should 
465
All numerical experiments discussed so far were conducted with cos φ = 466 ±0.41. Formula (7) predicts strong sensitivity of the slope current character- The numerical experiment conducted with cos φ=0 (inclination γ=0) also 475 confirms formula (7): no slope current is generated by the MITgcm when 476 cos φ=0, see Figure 11 f, f 1 . 477
Coordinate transformation 478
Formula (7) was derived for the bottom topography oriented in the merid-
479
ional direction with u-velocity directed across and v-velocity along the iso-480 baths. However, in reality the continental slope can be oriented randomly.
481
To generalise the analytical solution for an arbitrarily oriented bottom con-
482
sider a simple topography scheme as that shown in Figure 12 . To make 483 analytical solution (7) applicable to this situation, the coordinate system 484 should be rotated clockwise by the angle β, Figure 12 . The analysis below
485
shows the relationship between the tidal ellipse parameters in the new and 486 old coordinate systems.
487
The task is to transform the topography to a new coordinate system 
Applying (17) to vector (4), the components u 
Using (15) and (19) The upgraded formula (7) that takes into account the coordinate trans-
504
formation was applied to the Malin shelf/slope area presented in Figure 1 .
505
As it was shown above, the position of the core of the slope current in formula 506 (7) is controlled by the term
. The spatial distribution of the bottom 507 term value shown in Figure 13 a, points out that its largest absolute value 508 is located in the area above the 400 m isobath. The white line in Figure   509 13 a shows a smoothed isobath profile that was used to calculate the angle 510 of rotation β at every single point.
511
Substituting the discharge values for the M 2 tide from the Table and   512 after the coordinate transformation, formula (7) 
519
The stability of barotropic slope currentsv similar to that presented in 520 Figure 13 was discussed by Li and McClimans (2000) . They found that 521 stability ofv is controlled by the following cross-slope function:
The current is stable when χ is positive or negative, but it loses its stability 523 when χ changes sign across the jet. In our case χ is negative everywhere in 524 the Malin Sea slope area and thus the currentv is proven to be stable. is mostly controlled by the phase shift φ between the u t and v t tidal compo-554 nents, which along with the amplitudes of the velocity components a and b, 555 formula (4), set the tidal ellipse inclination γ (see formulae (16)).
556
A convincing example of the fundamental sensitivity of the rectified flows 557 to the phase shift φ is shown in Figures 11 a and 11 b. An absolute value of 558 cos(φ) in both cases is the same, but signs are opposite. In such a situation, 559 formula (7) predicts that the residual current in both cases must have the . Given 572 that u t and v t are defined by formula (6) we have
In this equation the time averaging of the second term gives a zero result, 574 which means that the residual momentum advection depends on the phase 575 shift φ = φ a − φ b (on cos φ to be more specific) that controls the ellipse 576 inclination γ, equation (16). In the time-averaged equation (6) Appropriate tidal ellipses are shown in three top panels. rotation of the co-ordinate system (x0y) on the angle β that transforms it into system (x r 0y r ) with the axis (0x) perpendicular to isobaths. 
